Abstract-This paper presents a wideband circular antenna array with a frequency-domain and space-domain reconfigurable radiation pattern. A wideband circular array antenna is designed with omnidirectional radiation pattern, in azimuth direction, throughout the whole frequency band. The antenna array consists of eight TEM horn antennas. The antenna array exhibits an omnidirectional azimuthal radiation pattern when all eight ports are excited with signals of the same magnitude and phase. The antenna array is fed through eight reconfigurable bandstop filters and a power splitter. This enables it to provide an omnidirectional azimuthal pattern along with a single directional pattern null in a given spatial direction and at a certain frequency. Both the spatial direction and the frequency can be altered. The antenna works from 0.8 to 3 GHz. The antenna array will be useful in combating interference in wideband communication systems. It will also be of value in surveillance military applications.
I. INTRODUCTION

F
UTURE communication systems will require wideband/multiband antennas capable of rejecting interfering signals arriving from certain spatial directions and at certain frequencies. Reconfigurable antenna systems and/or conventional antennas combined with reconfigurable filters will play an important role in these systems [1] . Many studies have focused on wideband antennas capable of providing band rejection [2] - [14] . Most of the tunable bandnotch antennas, reported in the literature, have narrow tuning range and provide relatively poor gain suppression. Abossh and Bialkowski [15] present a planar band-notched antenna using parasitic elements. This antenna rejects certain frequencies within the UWB passband. Nikolaou et al. [16] present an elliptical UWB monopole antenna. In this antenna, the band notch can be reconfigured using micro-electromechanical systems switches. Unfortunately the tuning range of the stopband is very limited (i.e., from 5.15 to 5.825 GHz). Reconfigurable filter has been developed with wide tuning range and low insertion loss [17] - [19] . For this reason, we chose to integrate a reconfigurable bandstop filter, having a wide tuning range, with a wideband antenna. In this way, we were able to demonstrate stopband tuning over almost 2 octaves. The disadvantage of this solution is that the antenna is prevented from receiving a signal in all spatial directions. Spatial discrimination is also desirable in those applications, where the direction of the interference signal is known. Wideband beamforming is another way to mitigate for interference. Different types of reconfigurable circular antenna arrays have been developed to meet a diverse range of system requirements [20] - [30] . Sharawi et al. [20] develop an eight-element circular antenna array which could be used in direction-finding systems. A switchable azimuthal radiation pattern is achieved over a relatively narrow frequency operating bandwidth. Fonseca [23] presents a circular array antenna with multiple-beam coverage. The radiation pattern of the array antenna can be switched to any azimuth angle within a 360°range. Li et al. [26] report a wideband and high-gain circular array for smart antenna application. A pattern bandwidth of 12.8% with an enhanced average array gain and a lowered normalized sidelobe level is achieved. A waveguide-based highly efficient compact-feeding network is developed by Huang et al. [29] . The bandwidth goes up to 12.9% with VSWR less than 1.5 and a very low insertion loss. However, most of the circular antenna array working bandwidth reported by now is less than 1 octave. Some researchers focus on interference rejection using simple antenna arrays. Malik et al. [31] present a simple beamformer, which consists of a two-element antenna array, a phase shifter, and a signal combiner. The beamformer can be configured to provide interference rejection in a certain spatial direction. One of the limitations of this approach is that the signal is seriously attenuated at all other frequencies. This is not appropriate for antennas which require high agility (e.g., military antennas). Creating a wideband antenna having a continuously tunable pattern notch is a very difficult task. This paper presents a novel wideband antenna system having a band notch in both the frequency and spatial (i.e., pattern) domain. The antenna is based on a novel circular wideband array antenna which can provide omnidirectional coverage in the azimuthal direction and a single reconfigurable directional pattern notch located at a certain frequencies within 0.8-3 GHz range. The demo antenna in this paper is not continuously tunable as fixed capacitors are employed. A varactor-based reconfigurable filter is reported in our previous work [18] . Unfortunately tunable capacitors having a wide tuning range and linear performance are normally physically large. However, with further improvements in the filter technology, the concept presented in here could be extended to use a continuously tunable filter in the future. The novel antenna will have applications in the future communication systems that will require antennas which are capable of rejecting interfering signals arriving from certain spatial directions and at certain frequencies. It will also be of value in surveillance and military applications.
Section II discussed the configuration of the array antenna. Section III presents some of the theory of wideband arrays. Section IV explains the choice and design of antenna element. Section V explains the choice and design of the reconfigurable filter. Section VI presents results. Finally, Section VII draws conclusions. Fig. 1 shows the architecture of the reconfigurable wideband antenna. The antenna incorporates a power divider, eight reconfigurable bandstop filters, and eight TEM horn antenna elements. The antenna array produces an omnidirectional azimuthal radiation pattern when none of the reconfigurable bandstop filters are activated. A pattern notch can be generated at a certain frequency by reconfiguring the bandnotch filters. The frequency and direction of the pattern notch is controlled by the reconfigurable filters. To be more specific, the frequency of the stopband is controlled by the voltage which is applied to the varactors within the filter. In a fully functional system demonstrator, a direction finder (DF) would be employed to find the direction and frequency of the interference signal. A central processing unit (CPU) would then be used to determine the combination of excitations to be applied to the varactor diodes. A DF and CPU have not been employed at this stage. 
II. ARCHITECTURE OF THE WIDEBAND ARRAY
III. WIDEBAND CIRCULAR ARRAY
Circular array can be excited in terms of phase modes and is frequently combined with butler matrices. When high-order phase modes are used, the spacing between the elements (i.e., the interelement spacing) should be less than 0.5λ to avoid severe distortion of the array pattern. For this application, only the main mode (mode 0) is used. The interelement spacing can be larger than λ. In order for the overall pattern to be omnidirectional, we must employ elements having directional radiation patterns [32] . For this purpose, the antenna element could be a wideband dipole in front of a reflector plane. It is very hard to design such an element having a bandwidth larger than 1 octave with relatively stable radiation pattern. The TEM horn antenna is one of the best choices for use as an element of a wideband circular array. The reason for this is that the beamwidth of the TEM horn antenna is wide at low frequencies and vice versa. Also, the phase center is located close to the open end of the horn at low frequencies, while at high frequency, the phase center moves closer to the feed point. It is very difficult to achieve omnidirectional radiation pattern over the whole frequency band. It is necessary to analyze the relationship between the beamwidth, the phase center location, the number of the elements, and the array pattern, before we start to design the circular antenna array.
Many antennas' major lobe can be adequately represented by cosine curves [33] . It is an easy way to get different half-power beamwidths (HPBWs) by altering the power of the function. Cosine curves are used to represent element patterns with differing beamwidths in this paper
where θ is the azimuthal angle and n is the order of the cosine curve. Table I shows the relationship between the order and the HPBW. Fig. 2 shows the radiation pattern which was used to represent the circular array element radiation pattern.
The backlobe is shown in Fig. 2 and the front-to-back ratio (FBR) is also specified. The backlobe is calculated from the mainlobe by simply taking the mainlobe value (in dB) and subtracting the FBR (also in dB).
The overall radiation pattern of the antenna array can be calculated using
where G A is the overall radiation pattern of the antenna array, G E is the radiation pattern of a single element, N is the number of elements, V n is the physical angular position of the elements, φ is the azimuthal angle of the direction of radiation. The radiation pattern of the circular array antenna, in the azimuthal direction, is not perfectly omnidirectional. There are some ripples in the radiation pattern. The ripple is introduced in this paper to evaluate the quality of the radiation pattern in the azimuthal direction. When HPBW equals 40°, the ripple is less than 1.5 dB. The omnidirectional pattern is very sensitive to the interelement spacing. When the diameter of the circular array is larger than 1.7λ, the ripple will be larger than 4 dB. Reducing the HPBW below 80°has the effect of reducing the ripple. However, d/λ should still be smaller than 2.5 in order to reduce the ripple in the array pattern below 4 dB. For HPBWs below 30°, the ripple is insensitive to d/λ. The ripple of the array is mainly caused by the narrow HPBW of every element. This is the smallest ripple that we can expect, as shown in Fig. 3(a) . In real systems, various practical considerations will increase the level of ripple. Those considerations include the mutual coupling between antenna elements, the phase taper, the inconsistency between each elements, and the feeding circuits. Fig. 3(b) shows the ripple associated with the 12-element circular array, for different HPBWs. For an antenna array, incorporating more elements d/λ may be increased and the beamwidth of each element could be reduced. For this reason, a 12 elements array will yield a reduced level of ripple compared with an eight-element array, especially when the radiating element has a narrow beamwidth. In order to reduce the complexity of the system, an eight-element circular array is demonstrated in this paper.
Based on (2), we suggest the maximum diameter of the circular array, with different numbers of elements, as shown in Table II . The HPBW of each element is also listed. The diameter of the whole circular array can also be increased by employing more elements. A wideband antenna element with a narrow HPBW is normally electrically large. It is easier to arrange the wideband antenna elements in an electrically large circular array. The tradeoff is that the HPBW becomes narrower for an array with more elements.
The backlobe of the antenna element is also an important factor in determining the overall array pattern. When the backlobe is as high as the front lobe, the radiation pattern of the antenna array is very sensitive to d/λ. Fig. 4 shows the ripple of the eight-element circular array for different HPBW values. The simulations show a −5 dB backlobe. From this picture, additional ripple is involved which is harmful to the array pattern. Fig. 4(b) shows the level of ripple associated with the eight-element circular array antenna for different HPBW values. The backlobe level is −10 dB. Compared with Fig. 3(a) , the change of the ripple is less than 1.5 dB when d/λ is less than 3. For TEM horn antenna, the FBR could be smaller than −10 dB over the whole operating frequency range.
IV. CHOICE AND DESIGN OF ANTENNA ELEMENT
In this section we will provide some guidelines for designing the TEM horn antenna element used within this antenna array system. A TEM horn was chosen as the array element because it offers a directional radiation pattern along with a very wide operating frequency bandwidth.
We consider two variants of the antenna element; the original design (denoted as Variant 1) and a version in which the geometry was simplified (denoted as Variant 2). Variant 1 was the result of considerable optimization and yields superior performance in terms of stability of phase center and impedance match. Variant 2 may be attractive in certain situations where greater simplicity is preferred. Both variants incorporate a curved radiating element consisting of an exponential curve (such as that used in a traditional Vivaldi 5 ). Equation (3) describes the exponential portion of the curve
where c 1 = −1.3493, c 2 = 1.9993, and R = 0.015. Equation (4) describes the elliptical portion of the curve [34] x e = a e sin(α) cos
Note that a e and b e are the major and minor axes of the ellipse, respectively, θ is half flare angle, (x ef , y ef ) is the coordinate for the endpoint of the exponential curve, and α is the ellipse sweept angle, which starts at 0°and ends at α s . The parameters are listed in Table III . Equations (3) and (4) are new; they were derived by the authors and are presented here for the first time.
A. Variant 1 Fig. 6(c) . The width reduces to 99.4 mm at the end of the elliptical portion of the curve. In the parametric studies, discussed below, all of the variables, except for the one under investigation, were maintained constant. Fig. 7 shows the S 11 of Variant 1 when the dimensions are set to the default values, given above. The return loss remains above 17 dB throughout the entire operating frequency range. The differences between simulation and measurement are mainly caused by the curved wood which is used to support the elements of the array antenna. The horn was handmade which also lead to some difference between the real and ideal structures.
The value of parameter Angle was varied from 1°to 7°. Within this range, the parameter Angle does not have a very significant effect on the return loss performance of the antenna. However, reducing the value of Angle degrades the return loss. The effect is particularly marked at frequencies below 2.5 GHz. In order for the return loss to remain above 10 dB, over the operating frequency range of the antenna, Angle must lie between 3°and 7°.
Let us now consider the 10 dB return loss bandwidth of the antenna. The upper cutoff frequency (denoted as F H ) can be controlled by adjusting the feed offset (denoted as Feed_off, see Fig. 6 ) or the feed height (denoted as Feed_h, see Fig. 6 ). If we wish to achieve wideband operation, Feed_h should not be increased above 1.6 mm. F H is much more sensitive to Feed_h than to Feed_off. Equation (5) can be used to design the antenna. Specifically, the equation gives the value of Feed_off required to achieve a particular F H value. Equation (5) 
From (5), we see that, in order to increase F H we must reduce Feed_off. F H = 1.52 GHz when Feed_off = 20 mm but Fig. 8 shows the antenna's power gain as well as the x-axis component of the H-plane phase center as a function of frequency. The simulations were performed using CST Microwave Studio. From these results, it is clear that the phase center moves closer to the mouth of the aperture, at low frequencies. At high frequencies, the phase center moves closer to the feed point. The distance between the phase center and the feed point is 0.6λ at low frequency and 1.2λ at high frequency. Equation (6) gives the z-axis component of the H-plane phase center (mm) as a function of Feed_off. The x-axis and y-axis components of the H-plane phase center remain perfectly fixed over this parameter range Phase Center = −0.7422Feed_off + 160.32.
Equation (7) gives the z-axis component of the H-plane phase center (mm) as a function of L gnd . The x-axis and yaxis components of the H-plane phase center remain perfectly fixed over this parameter range
+ 45.407L gnd + 4785.6. (7) Fig. 9 shows the H-plane 3 dB beamwidth of Variant 1, as a function of frequency. The simulated beamwidth is wider than 43°over the entire operating frequency range of the antenna. However, the measurement result suggests that the actual beamwidth is in fact narrower (>31°). This discrepancy is mainly caused by the wood which is used to support the antenna structure. After incorporation of Variant 1 into the circular array, the radiation patterns of the individual elements become narrower than those of the isolated elements. This is mainly caused by the coupling between the different elements. Let us now consider the 10 dB return loss bandwidth of the antenna. The upper cutoff frequency (denoted as F H ) of the antenna can be controlled by adjusting Feed_off and Feed_h. F H is much more sensitive to the Feed_h than to Feed_off. Equation (8) can be used to design the antenna. Specifically, the equation gives the value of Feed_off required to achieve a particular F H value. Equation (8) 
From (8), we see that in order to increase F H we must reduce Feed_off. F H = 1.5 GHz when Feed_off = 18 mm but F H = 4.4 GHz when Feed_off = 8 mm. Equation (9) can also be used to design the antenna. Specifically, the equation gives the value of Feed_h required to achieve a particular F H value. Equation (9) 
From (9), we can see that in order to increase F H we must reduce Feed_h. F H = 1.74 GHz when Feed_h = 2.2 mm but F H = 4.5 GHz when Feed_h = 1.8 mm.
Let us now consider the factors that affect the lower cutoff frequency (denoted as F L ) of the antenna. Altering the variable Feed_h causes a small variation in F L . Equation (10) can be used to design the antenna. Specifically, the equation gives the value of Feed_h required to achieve a particular 
From (10), we can see that in order to reduce F L we must reduce the Feed_h. F L = 1.4 GHz when Feed_h = 2.8 mm but F L = 1.18 GHz when Feed_h = 1.6 mm.
Let us now consider the factors that affect the quality of impedance matching over the operating band of the antenna. The Feed_h must be above 0.6 mm in order to achieve good impedance matching throughout the operating band. If we wish to operate over the widest possible frequency bandwidth, then Feed_h should be set to 1 mm. Adjusting W gnd between 150 and 300 mm or L gnd between 340 and 460 mm has a very subtle effect on the return loss performance of the antenna. The effect of varying parameter Angle is to cause the return loss to increase uniformly at frequencies from around 1-5 GHz. The value of Angle must lie between 8°and 10°i n order to ensure adequate impedance matching, across the frequency band of interest. Optimum matching is achieved when the Angle is set to 8°.
Let us now consider the factors that affect the radiation pattern of Variant 2. Increasing Feed_h from 0.2 to 3 mm increases the FBR at frequencies above 3 GHz. Feed_off has a little effect on the gain unless it is increased above 10 mm at which point there is a sharp drop in gain at frequencies above about 3 GHz. Feed_h and W gnd , both have a little effect on the gain. The gain increases gradually across the entire operating frequency range as parameter L gnd is increased from 340 to 440 mm. The total gain increase is approximately 3 dB. The gain increases almost uniformly across the entire operating frequency range as a parameter Angle is increased from 2°to 16°. The total gain increase is approximately 3 dB.
Let us now consider the factors that affect the phase center of the antenna. Equation (11) 
V. CHOICE AND DESIGN OF RECONFIGURABLE FILTER A tunable bandnotch filter has been developed. The filter has a wide tuning range and is based on parallel coupled transmission lines. Fig. 11 shows the circuit architecture for a bandstop filter. In this figure, Z 0 represents the characteristic impedance of the main transmission line. The length of the parallel coupled line is slightly less than λ g /4, where λ g is the guided wavelength at the center frequency of the tuning band. C 1 and C 2 represent a pair of capacitors which are located between the parallel coupled lines. R s represents the equivalent series resistance. In this way, a resonant structure is formed which consists of a parallel coupled line and two capacitors. The resonant frequency of the filter is determined by the length of the coupled lines together with the capacitance of the varactor diodes. For a given resonant frequency, the use of longer coupled lines will necessitate a low value of varactor capacitance. More design rules for this filter could be found in [17] and [18] . Fig. 12 shows the physical structure of the tunable bandstop filter used in this paper. The resonator, in this single-stage filter, is 1.56 mm wide (W 3 ) and it is separated from the main transmission line by a gap (g) of 0.6 mm. The main transmission line is thinned to 1.56 mm (W 2 ) over the coupling region (denoted as L f ), which is 8 mm long. The main transmission line is 3.38 mm wide (W 1 ). The filter is fabricated on a TLY3 substrate having a thickness of 1.14 mm, a permittivity of 2.33, and a loss tangent of 0.009. Fixed values of capacitance were used in the prototype circuit. We chose to employ surface mount capacitors from ATC Corporation (ATC 600S) for this purpose. Fig. 13 shows the S 21 at different bandnotch frequencies.
Fig. 14 shows the phase shift for different bandnotch frequencies. The phase shift in the passband changes little as the operating frequency of the filter is tuned. This is helpful for the omnidirectional pattern of the antenna array in the passband.
The varactor diodes have been used to achieve a 3.5:1 frequency tuning range and the performance is similar to that obtained using fixed capacitors. In this paper, fixed capacitors were only used when measuring the radiation pattern of the whole system. Table IV shows the how the notch frequency varies as a function of the capacitance. When the capacitance is 22 pF, the notch frequency is 0.741 GHz which is outside the frequency range of interest. VI. RESULTS FOR ANTENNA ARRAY Fig. 15 shows a prototype of the circular array. The ground plane has a diameter of 750 mm. Eight TEM horn are uniformly distributed around the circumference of the ground plane. Fig. 16 shows the isolation between the different antenna elements. The S 21 is the isolation between the adjacent antenna elements. S 51 is the isolation between opposite antenna elements.
The first prototype of this system did not incorporate a tunable filter. The stratergy for operating the antenna would be that the element(s), within the array, closest to the interference directions would be disconnected in order to produce a pattern notch. This experiment, therefore, produces idealised patterns which provide a bench mark against which to assess the performance of the complete system. Fig. 17 shows measured radiation patterns for the fabricated prototype, described above. The solid and dashed-dotted lines show the omnidirectional and notched patterns, respectively.
When each element in the array is excited by signals having the same magnitude and phase, the antenna produces an omnidirectional radiation pattern, as expected. There is a small amount of ripple on the pattern. The magnitude of the ripple, on the omnidirectional radiation pattern, is determined by a combination of the 3 dB pattern beamwidth and the electrical distance between each element in the array. A pattern notch can be created by disconnecting certain elements within the array, as mentioned above. Normally, for a horn antenna the phase center is located close to the end of aperture, at low frequencies. At high frequencies, the phase center moves closer to the feed point. For the TEM horn antenna, reported in this paper, the electrical length of phase center, between every element is small at low frequency and that is large at high frequency. At low frequency, the electrical distance between each element is 0.39λ. At high frequency, the electrical distance between each element is 0.96λ.
It is necessary to disconnect different numbers of elements in order to produce good pattern notches at different operating frequencies. At low frequencies, it is necessary to disconnect more adjacent elements than at high frequencies. Table V shows the relationship between notch frequency and the number of disconnected elements in the antenna array.
In most cases, it is possible to generate a pattern notch of at least 20 dB. At low frequencies, the depth of pattern notch is poorer than it is at higher frequencies. This is mainly caused by the high backlobe which appear at low frequencies. The pattern of the complete array is not altered significantly by these effects. Fig. 18 shows a prototype of the complete antenna system. The eight TEM horn elements are attached to eight reconfigurable bandnotch filters. The cables which are used to connect the antenna elements and filters are controlled carefully to have the same electrical length. The filters are connected to a one-eight ports power splitter from mini circuits (ZN8PD1-53-S+). Fig. 19 shows the measured radiation patterns for an antenna incorporating the reconfigurable filter. The solid line shows the array pattern obtained when four of the bandnotch filter are set to operate at 1.11 GHz and the other four operated at 0.74 GHz. The antenna array is omnidirectional at all frequencies except the notch frequency, where a 13 dB notch is achieved. The pattern suppression is not as high as was obtained by disconnecting four elements. This can be mainly attributed to the bandnotch filter which only provides 16 dB of band rejection. Also, at the central frequency of the notch band, there is a small difference from the expected value, due to the tolerance of the capacitance. The dashed lines, in the radiation pattern plots, show the array pattern which is obtained when two of the bandnotch filters work at 1.98 GHz, the other two work at 0.74 GHz. The pattern notch occurs at a frequency of 1.98 GHz. The bandnotch provides almost 20 dB of band rejection. Dotted line shows the array pattern when one of the bandnotch filter works at 2.96 GHz and the others work at 0.74 GHz. Under this condition, the pattern notch occurs at 2.96 GHz. The bandnotch filter provides more than 20 dB of band rejection at this frequency. Away from the notch band frequency, the patterns are quite similar to one another. This means that the antenna array can provide omnidirectional coverage in the azimuthal direction and a single reconfigurable directional pattern notch at a certain frequency within the frequency range of 0.8-3 GHz. 
VII. CONCLUSION
This paper presents a wideband pattern reconfigurable antenna. The antenna is capable of producing a reconfigurable pattern notch at any frequency within the operating band (0.8-3 GHz). The band notch can also be pointed in any spatial direction. When no pattern notch is required, the antenna produces a nearly omnidirectional azimuthal radiation pattern. The frequency of the notch can be varied by using a series of reconfigurable filters. The ripple in the omnidirectional pattern radiation is less than 7 dB over the entire operating band. The attenuation at a pattern notch is greater than 15 dB over the entire operating band. 
